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ABSTRACT
Brushite (BR) and hydroxyapatite (HA) nanoparticles were fabricated through reverse microemulsion and hydrothermal 
processing route, respectively. The processing routes influenced nucleation and crystal growth although both methods 
resulted in nanorods formation. The calcium-to-phosphate ratio was 1.67, similar to that of natural bone and teeth. 
X-ray diffraction patterns revealed that the nanorods possessed almost pure crystal phase with negligible second phase. 
The ratio of particle length-to-width of BR and HA were approximately 3 and 4, respectively. To mimic the natural bone, 
chitosan/brushite (CTS/BR) and chitosan/hydroxyapatite (CTS/HA) nanocomposite scaffolds were prepared through rapid 
freeze-drying technique. The compressive strength of CTS/BR and CTS/HA nanocomposite scaffolds was compared for the 
first time. The compression test revealed that both the nanocomposite scaffolds exhibited reasonably high compressive 
strength of approximately 7 MPa. This value falls in the high-end range of cancellous bone’s compressive strength, with 
the compressive strength of CTS/HA 0.88 MPa more than CTS/BR.
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ABSTRAK
Nanozarah brushit (BR) dan nanozarah hidroksiapatoit (HA) masing-masing disediakan melalui kaedah mikroemulsi 
songsang dan hidroterma. Kedua-dua kaedah penyediaan nanozarah mempengaruhi penukleusan dan pertumbuhan 
hablur walaupun kaedah-kaedah tersebut menghasilkan nanorod. Nisbah kalsium kepada fosfat ialah 1.67, serupa dengan 
nisbah tulang dan gigi asli. Corak pembelauan sinar-X menunjukkan kedua-dua nanorod itu memiliki fasa hablur yang 
hampir tulen dengan kehadiran fasa kedua yang boleh diabaikan. Nisbah panjang kepada lebar zarah bagi BR dan HA 
adalah masing-masing lebih kurang 3 dan 4. Untuk meniru tulang asli, rangka nanokomposit kitosan/brushit (CTS/BR) dan 
kitosan/hidroksiapatit (CTS/HA) disediakan menerusi teknik sejuk beku pantas. Kekuatan mampatan rangka nanokomposit 
CTS/BR dan CTS/HA telah dibandingkan buat pertama kali. Ujian mampatan menunjukkan kekuatan mampatan yang 
memuaskan bagi kedua-dua rangka nanokomposit, iaitu lebih kurang 7 MPa. Nilai ini berada dalam julat kekuatan di 
sebelah hujung tinggi bagi tulang kancelus, dengan kekuatan mampatan CTS/HA 0.88 MPa melebihi CTS/BR.
Kata kunci: hidroterma; kekuatan mampatan; mikroemulsi; nanozarah kalsium fosfat; pertumbuhan hablur 
INTRODUCTION
Calcium phosphates which constitute the major inorganic 
phase of human hard tissues like the bone and teeth, are 
bioactive and can be rapidly integrated into the human body 
(Hench 1991; Weiner & Wagner 1998). The natural bone 
is made of calcium phosphate nanoparticles scattered in 
the organic matrix (Vallet-Regi & Gonzalez-Calbet 2004). 
Calcium phosphate has the general formula Ca10-x(HPO4)
x(PO4)6-x(OH)2-x, with 0≤x<2. In this family, two compounds 
that attract attention are brushite (BR) and hydroxyapatite 
(HA). BR and HA are the subjects of intensive investigations 
as implant materials and coatings (Gbureck 2005; Hench 
1993; Jarcho 1981; Legeros 1998). Both compounds are 
considered biocompatible and bioactive in the sense of 
osteoconduction and resorbability. BR is resorbed faster 
as it is a thermodynamically metastable compound under 
physiological conditions (Theiss et al. 2005). HA degrades 
considerably slower (Nilsson et al. 2002) given that it 
is nearly insoluble at normal physiological pH (Baksh 
2000). 
 Reverse microemulsion processing route can be used to 
synthesize calcium phosphates in the range of nanometers 
besides having a minimised degree of agglomeration and 
controlled morphology of nanoparticles. The water-in-oil 
microemulsion is a transparent, isotropic liquid media with 
nanosized water droplets that are dispersed in a continuous 
oil phase and stabilized by surfactant molecules at the 
water/oil interface. The surfactant stabilised discontinuous 
water phase acts like a nanoreactor that can control 
nucleation and growth of fine and monodispersed particles 
in restricted geometries (Fendler 1987; Paul & Moulik 
1997).
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 The hydrothermal technique produces calcium 
phosphate nanoparticles with a high degree of crystallinity 
and a calcium-to-phosphate ratio close to the stoichiometric 
value (Byrappa 2001). Wang et al. (2006) reported 
that nucleation and crystal growth processes mediated 
by macromolecule control would result in uniform 
products. The molecule-template addition has exerted 
significant control on the crystal morphology. Organized 
organic surfaces can control the nucleation of inorganic 
materials by geometric, electrostatic and stereochemical 
complementarities between the incipient nuclei and the 
functionalized substrates.
 In this paper, we utilized sucrose ester S1670 as 
nonionic food grade surfactant to form water-in-oil (w/o) 
reversed microemulsion (water/heptan-1-ol/sucrose ester) as 
a soft template for the synthesis of brushite (BR) nanorods. 
Hydroxyapatite (HA) nanorods were prepared through 
hydrothermal method using triethanolamine to regulate 
nucleation and crystal growth. The formation mechanisms 
of BR and HA nanorods were discussed. Calcium phosphates 
have relatively low strength and are susceptible to fracture 
due to their brittleness (Xu et al. 2005). The biocompatibility, 
biodegradability, and nontoxicity of chitosan resemble 
the properties of collagen matrix (Ding 2007). Hybrid 
nanocomposite scaffolds made up of chitosan and calcium 
phosphates mimic the morphology and properties of natural 
bone. It is hope that the scaffolds can overcome the problem 
of the brittleness in calcium phosphates, besides possessing 
good biocompatibility, high bioactivity and great bone-
bonding properties. The mechanical strength of chitosan/
brushite (CTS/BR) and chitosan/hydroxyapatite (CTS/HA) 
nanocomposite scaffolds were compared for the first time.
EXPERIMENTAL MATERIALS
The materials used in this work were calcium chloride, 
CaCl2 (Sigma-Aldrich), disodium hydrogen phosphate, 
Na2HPO4 (Sigma-Aldrich), triethanolamine (Merck), 
heptan-1-ol (Merck), food grade sucrose monostearate 
(Mitsubishi-Kagaku Foods Corporation), medium 
molecular weight chitosan (Merck), acetic acid (Merck) 
and glutaraldehyde 25% (Unilab). All reagents were of 
analytical grade and were used as received. Deionised 
water with eletrical resistivity of 18.2 MΩ cm was used 
throughout the study. 
 For fabrication of BR nanorods, sucrose ester was 
mixed thoroughly with heptan-1-ol with sucrose ester-
to-heptan-1-ol weight ratio equivalent to 0.80. Next, 0.30 
M CaCl2 and 0.18 M Na2HPO4 aqueous solutions were 
added into the mixture one after another under constant 
stirring to form a transparent reverse microemulsion. The 
microemulsion was aged at 40°C for seven days. The 
hydrothermal process for the fabrication of HA nanorods 
was carried out by mixing 0.30 M CaCl2 and 0.18 M 
Na2HPO4 aqueous solutions. Then, 50 wt% triethanolamine 
was dissolved completely into the mixture. The mixed 
solution was stirred for 2 h to ensure the completion of 
cooperative interaction and self-assembly process. The 
final milky suspension was put in a teflon vessel, sealed 
tightly and heated in an oven at 180°C for 24 h. The 
obtained precipitates from both methods were then filtered 
off and washed thoroughly with ethanol and deionised 
water to remove the residual organic matters and ions. The 
precipitates were calcined at 600°C for 24 h to yield white 
powders. 
 The CTS/BR and CTS/HA nanocomposite scaffolds were 
prepared by solid–liquid phase separation and subsequent 
sublimation of solvent which has been previously described 
(Zhao et al. 2002). The nanorods (1.0 wt%) were dispersed 
in 100 mL of deionised water. CTS (1.0 wt%) was introduced 
under agitation, followed by the addition of 1.0 vol% acetic 
acid. The mixture was stirred for 5 min after adding 30 
vol% aqueous glutaraldehyde (GA) at a 30:1 volume ratio 
of CTS-to-GA. Sequentially, the mixture was cast into a 
glass mold of 12 mm diameter × 12 mm height. To avoid 
phase separation between the nanorods and CTS solution, 
the mixture was rapidly transferred into a refrigerator at 
4°C for 0.5 h to undergo the cross-linking reaction. Then, 
it was rapidly transferred to a freezer at -40°C to solidify 
the mixture and induce solid–liquid phase separation. The 
solidified mixture was maintained at that temperature for 
2 h and was transferred into a freeze-drying vessel. The 
sample was finally freeze-dried at -40°C for 48 h, resulting 
in cylinders (Figure 1), which were stored under vacuum. 
Scaffolds that did not contain any nanorods were used as 
control. 
 Crystallinity of the powders was measured using 
a Phillips X-Ray Diffractometry (XRD). Measurements 
were taken from 2θ = 4 to 70o at a size step of 0.033o/s. 
The Cu anode X-ray was operated at 40 kV and 30 mA 
in combination with a Ni filter to give monochromatic Cu 
K
α
 radiation at 1.54 Ǻ. The pattern was processed using 
PANalytical X’pert HighScore diffraction software to 
monitor the peak position and its corresponding intensity 
data. Chemical bonding of the powders was analyzed 
using a PerkinElmer Fourier Transform Infrared (FTIR) 
spectroscopy. The powders were mixed with potassium 
bromate, ground homogenously and converted into pellets. 
The spectra (% transmittance with wavenumber) were 
recorded. 
 The size and morphology of the powders were 
observed using a Phillips HMG 400 Transmission Electron 
Microscopy (TEM) with a 100 kV accelerating voltage. The 
powders were dispersed in ethanol and sonicated for five 
minutes to free them from aggregations. The mixtures were 
then placed on carbon-coated 400 mesh copper grids and 
dried at room temperature overnight before examination. 
The morphology of the scaffolds was observed using a 
LEO 1455 Variable Pressure Scanning Electron Microscopy 
(VPSEM) equipped with an Energy Dispersive X-Ray 
Analyzer (EDX). The scaffolds were mounted on aluminium 
stubs using double-sided tape and vacuumed coated with 
gold in a Polaron SC500 sputter coater.
 Three specimens for each scaffold were cylindrical 
in shape with 12 mm diameter × 12 mm height. An 
Instron mechanical tester with 1 kN load cell was used 
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for the compression test. The crosshead speed was set at 
5 mm/s and the load was applied until the scaffolds were 
completely crushed. The compressive strength mean and 
standard deviation were calculated. 
RESULTS AND DISCUSSION
Figure 2 shows the XRD patterns of the BR and HA 
nanorods indexed to brushite (JCPDS file no. 2-0085) and 
hydroxyapatite (JCPDS file no. 24-0033) crystal phases, 
respectively. Each sample contained negligible amount 
of second phase. The intensity of the diffraction peaks 
indicates that the nanorods are fairly well-crystallized. 
It was found that the intensity for BR is relatively higher 
at 2θ = 29.5o than the standard due to their preferential 
growth along a certain crystal plane resulted by their 
constraint in the micelles and influence of the micelle 
shape. The result is consistent with the TEM observation 
in Figure 4a which shows the morphology of rod-like 
nanoparticles. This phenomenon is not observed in HA 
due to its relatively smaller particle size, which resulted 
in weaker crystallinity. 
 Figure 3 shows the FTIR spectra of the  and HA 
nanorods. The spectra exhibit easily distinguishable 
bands attributed to PO43-. Generally, BR has more bands 
than HA due to its relatively larger particle size and better 
crystallinity. The bands at 560 cm-1 and 725 cm-1 were 
assigned to υ4 O-P-O bending mode and phosphate group 
bending mode, respectively (Vallet-Regi & Gonzalez-
Calbet 2004, Lu et al. 2006). The bands at 950 cm-1 
and 990-1250 cm-1 were assigned to υ1 symmetric P-O 
stretching mode and υ3 antisymmetric P-O stretching 
mode, respectively (Wang et al. 2005). The PO43- bands 
split at 1125 cm-1 for BR suggests high crystallinity which 
is consistent with the XRD result. The absence of split for 
HA is due to its comparatively smaller particle size, which 
affected its crystallinity. 
FIGURE 2. XRD analyses of BR and HA nanorods
FIGURE 3. FTIR spectra of BR and HA nanorods
 Figure 4 shows the TEM images of BR and HA, which 
consist of uniform nanorods with aspect ratio length-to-
width of about 3 and 4, respectively. The particle length 
and width of BR and HA were approximately 120 nm and 
40 nm, and 80 nm and 20 nm, respectively. The smooth 
surface of the nanorods is beneficial because irregular 
morphology reduces the rate of bone formation and causes 
inflammatory reactions (Paul & Sharma 1999). 
 The formation mechanism of BR can be explained by 
taking the sucrose ester micelles interaction into account. 
FIGURE 1. CTS/BR nanocomposite scaffolds (a) and view from the top (b)
(a) (b)
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Without water, the micelles are close to a compact globular 
structure but with the presence of water, the micelles 
become elongated or polydisperse because they strongly 
overlap (Glatter et al. 2001). Micelles containing calcium 
and phosphate ions collide due to Brownian motion, which 
result in fusion of the micelles and exchange of the contents 
within the cores (Pileni 2006). Therefore, nucleation and 
crystal growth happen in the newly formed micelles, 
leading to nanorods.
 Triethanolamine (TEA) is a complexing agent which 
acts as a template in the hydrothermal process. The 
behaviour of TEA may correlate to a process called molecule 
recognition that could have taken place at the inorganic/
organic interface due to charge and stereochemistry 
complementarity (Gray et al. 1997; Walsh et al. 1993). In 
an aqueous system, TEA would ionize completely and result 
in a tetrahedral structure with lone pair electrons. Thus, 
calcium cations can be incorporated to TEA by the charge 
(Figure 5). A plausible mechanism for the templating 
process is that TEA-Ca2+ complexes form rod-like micelles, 
which contain many calcium cations on the surface. With 
the presence of phosphate anions, the micelles act as 
nucleating points for the growth of HA crystals. During 
the hydrothermal stage, TEA-HA complexes are produced 
and they coalesce to control the morphology and size of 
obtained HA. Since the crystallization process is under 
critical control of TEA, the resulting HA nanoparticles 
were invariably nanorods with uniform morphology and 
controlled size (Wang et al. 2006).
 Observation under SEM reveals porous structure of 
the scaffolds with pore width in a range of 10 – 100 μm 
(Figure 6). The presence of nanorods did not influence 
the formation of scaffolds as the morphology and pore 
size of the nanocomposite scaffolds, represented by CTS/
BR (Figure 6b), were similar to that of the CTS scaffold 
(Figure 6a). The nanorods were well-distributed within 
the scaffold as shown by EDX (Figure 7). The composition 
of calcium, phosphate and oxygen elements of calcium 
phosphates were well-integrated with the carbon and 
oxygen elements of chitosan. This shows that only a small 
amount of CTS/GA in aqueous solution was sufficient to 
suspend the nanorods homogenously within the organic 
matrix. 
 The nanocomposite scaffolds mimic biologically 
produced inorganic-organic composites, like bone 
and teeth, in which self-assembled proteins and lipids 
form the structural scaffolding for the deposition of 
inorganic compounds (Lowenstam et al. 1989). They 
are hierarchically structured composites in which soft 
organic materials are organized on length scales of 1-100 
μm used as frameworks for specifically oriented and 
shaped crystals (Levi-Kalisman et al. 2001). The internal 
architectural attributes, including pore size, shape and 
interconnectivity play an important role in the in vivo and 
mechanical performance of the implants. They control 
the degree of bone regeneration (Jin et al. 2000), path of 
bone regeneration (Le Huec et al. 1995) and determine the 
mechanical properties of the implants (Dean-Mo 1997). 
The ideal structures must be formed by an interconnected 
porous network with a wide variety of pore sizes. Large 
pores allow tissue ingrowth and vascularization of the 
newly formed tissue whereas pores in the microporous 
range promote protein adhesion and consequently cell 
adhesion and proliferation (Navarro et al. 2004). Optimum 
pore diameter depends on the size of the bone substitute - 
larger piece requires larger pores, keeping the total porosity 
constant (Bohner 2000).FIGURE 5. A schematic drawing of the complementarity between the lone pair electrons of TEA and calcium cation
FIGURE 4. TEM images of BR (a) and HA (b) nanorods
(a) (b)
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 Figure 8 shows the compressive strength of 
nanocomposite scaffolds. Each bar corresponds to the 
average numerical value of the three specimens for each 
sample. It is clearly shown that the compressive strength 
of the nanocomposite scaffolds were four-times higher 
than CTS’s. The presence of the nanorods resulted in a 
fairly-high compressive strength. Both the nanocomposite 
scaffolds have desirable compressive strength of 
approximately 7 MPa, comparable to the high-end values 
of cancellous bone at 2-10 MPa (Ramay & Zhang 2004). 
The compressive strength of CTS/HA is slightly higher 
than CTS/BR by 0.88 MPa because with the same mass 
of nanorods, the higher number of narrower-sized HA 
particles leads to denser packing, which contributes to 
the higher compressive strength. Based on the previous 
studies (Knudsen 1959; Petch 1953; Rice 1993) the 
compressive strength of the ceramics increased as the 
grain size decreased. The nanocomposite scaffolds with 
fairly high compressive strength could act as reinforcing 
phase as well as bioactive phase for the smooth process 
of bone growth.
CONCLUSION
BR and HA nanorods were successfully fabricated using 
sucrose ester based reverse microemulsion and hydrothermal 
with TEA complexing agent as a template, respectively. 
The size of BR is visibly larger than HA due to the ease of 
overlapping among the sucrose ester micelles. The size and 
morphology of HA were well-controlled by TEA. Both the 
nanocomposite scaffolds had varying degree of pore size and 
appreciable compressive strength, which can be used as a 
precursor phase for bone implantation. The retention time for 
conducting bone tissue growth can be tailored by embedding 
calcium phosphate nanorods of different crystalline phases 
within the chitosan matrix. CTS/HA nanocomposite scaffold 
can well be used if slower resorption is preferred as HA 
degrades considerably slower at physiological conditions. 
On the other hand, CTS/BR nanocomposite scaffold will 
promote faster resorption at physiological conditions. 
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FIGURE 7. EDX of CTS/BR scaffold
FIGURE 8. Compressive strength of scaffolds
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